Municipal sewage sludge is a carrier of nutrients -most important phosphorus (P) -but also contains organic pollutants and heavy metals. A two steps thermal treatment is suggested based on 1. mono-incineration of sewage sludge under destruction of organic pollutants and 2. thermochemical treatment of the resulting ashes to remove heavy metals and increase P-bioavailability. The targeted products are marketable Pfertilisers. The thermochemical treatment was investigated in a gas tight lab-scale rotary furnace. Seven sewage sludge ashes of different origin and composition and one residue from gasification of sewage sludge were mixed with a chlorine donor (e.g. MgCl 2 ) and thermochemically treated under systematic variation of operational parameters. The distributions of the heavy metals between solid and gas phase were determined. The heavy metals concentrations of the treated ashes met the legislative limits in most cases. The products from thermochemical treatment are suited raw materials for P-fertiliser production. Relevant process parameters such as temperature, type and concentration of Cldonor and retention time were optimised for the thermochemical treatment step.
Introduction
Municipal sewage sludge is a carrier of nutrients but is often polluted with organics, such as hormones, antibiotics, endocrine disruptors and persistent organic pollutants (POP's), and inorganics such as heavy metal compounds. 1, 2) Thus, agricultural application of sewage sludge is a controversial issue. In the last couple of years, the agricultural application of sewage sludge has decreased, while the interest in alternative sludge disposal routes has increased. Pollutants should be removed before agricultural application to protect farmland and human health. Disposal or immobilisation of sewage sludge results in an irreversible loss of nutrients such as phosphorus, calcium, magnesium, potassium and others. Phosphorus (P) is a scarce and non-renewable resource and is therefore the most important nutrient in sewage sludge to be recovered. The European project SUSAN (Sustainable and Safe Re-use of Municipal Sewage Sludge for Nutrient Recovery) is aimed to develop a sustainable and safe strategy for nutrient recovery from sewage sludges using thermal treatment. Mono-incineration of the sludges completely destructs the organic pollutants in a first step. The incineration residues are ashes with a high phosphorus content but still contain heavy metal compounds above the legal limits for agricultural use. Phosphorus in the ashes exhibits low bioavailability -a disadvantage in farming. Therefore, in a second, thermochemical step heavy metals are removed and P is transferred into mineral phases available for plants. Volatile heavy metal chlorides are formed by adding a chlorine donor (e.g., magnesium chloride) at temperatures between 800 and 1000 C far below the melting point of the ashes. [3] [4] [5] [6] [7] The volatile heavy metal chlorides are separated from the gaseous phase. Additionally, new mineral phases are built up in the treated ashes resulting in P-solubility of up to 100% in citric acid (an indicator for high P-bioavailability). These technologies are developed, improved and assessed within the framework of the SUSAN-project with focus on large-scale application aiming at marketable Pfertiliser products. The SUSAN-consortium consists of experts in thermal processes, large-scale engineering, sludge incineration, fertiliser production, agricultural science and resources management (more information about the SUSANproject at www.susan.bam.de). The present article focuses on the results of thermochemical treatment of different types of sewage sludge ashes in a lab-scale rotary furnace.
Methodology
The thermochemical treatment was investigated using seven different sewage sludge ashes (SSA) and one residue from gasification of sewage sludge (short name: BAL). Three types of ashes with major differences in composition were chosen as basic ashes for a systematic investigation under variation of the operational parameters: type of Cl-donor (MgCl 2 , CaCl 2 ), Cl-concentration (50-200 g Cl/kg), temperature (750-1000 C) and retention time (20-120 min). Magnesium-and calcium chloride were chosen as Cl-donors for the present investigation due to good results achieved in a comparative pre-investigation in terms of heavy metals removal and bio-availability of the phosphorus in the products in comparison to other Cl-donors such as HCl, KCl and NaCl. One of the ashes used for the investigation (short name: SNB a ) stemmed from a large incineration plant in The Netherlands that incinerates sewage sludges originating from a large catchment area with a major part of Feprecipitation for P-removal. Thus, SNB a is characterised by a relatively high Fe-content. The second SSA (short name: SNB b ) stemmed from the same incineration plant but was collected during a certain incineration campaign with sewage sludges mainly originating from wastewater treatment plants (WWTP) with enhanced biological phosphorus removal (EBPR) and Al-precipitation. Thus, SNB b exhibits a low iron-and a medium aluminium content (slightly higher than SNB a ). The third SSA (short name: SINDL) stemmed from a German incineration plant that incinerates sewage sludges originating from a WWTP performing P-precipitation with aluminium salts. Thus, SINDL is characterised by a low iron mass fraction (comparable to SNB b ) but a high aluminium mass fraction (in contrast to SNB a and SNB b ).
A certain amount of chlorine donor (MgCl 2 or CaCl 2 ) was dissolved in distilled water and intensively mixed with the raw ashes. The amount of water was calculated to receive a water content of 30% in the ash mixture. An amount of 400 g of the mixture was filled in a quartz glass reactor of the gas tight lab-scale rotary furnace (Carbolite HTR 11/150). The total masses were determined before and after thermal treatment. The batch was treated at a certain temperature for a certain retention time depending on the trials programme. The timer started when the operation temperature chosen was reached and heating was stopped when the retention time was reached. Thus, the heating and the cooling phases were not considered as part of the retention time. The quartz glass reactor was continuously moved during thermal treatment (alternating rotation of 315 in both directions) and was continuously flushed with an air-flow rate of 3 L/min (Flow controller: Hi-Tec Flow controller F-201C-RGD-22-V, Bronkhorst Ò /Mättig, gas speed: 0.28 cm/s, gas retention time: 1.2 min). The gas-outlet of the quartz glass reactor was discharged in a PTFE-tube for cooling the off-gas and condensation of heavy metals. The cooled off-gas from the outlet of the PTFE-tube passed 4 washing flasks (filled with 1 L water each) with integrated perforated plates for fine gas distribution and two wet scrubbers operated with NaOHsolution ( Fig. 1) . The reactor was cooled down after thermal treatment. The solid product was removed from the reactor and ground in a vibratory disc mill. The ground material was analysed with XRF (wavelength-dispersive XRF-spectrometer, Panalytical type MagiX-pro) and a sample was digested with aqua regia in a microwave (HPR-1000/10 S, MLS GmbH, 200 C, 2 MPa) and analysed with ICP-OES (IRIS Intrepid II XSP, Thermo). Comparative trials series with total digests (HNO 3 /HCl/HF) and digests with aqua regia were carried out in the forefront of the investigation presented in this article. The results showed that digestion with aqua regia in a microwave is a suitable method for elements determined within the framework of this investigation except for silicon (the mass fractions of main components including Si and Cl were determined by XRF). The heavy metal condensates at the walls of the outlet of the quartz glass tube, the PTFE-tube and the connecting tubes were dissolved in nitric acid, membrane filtered and also analysed with ICP-OES and ion chromatography (DX IC-25, Dionex). Furthermore, the Psolubility in citric acid (2%) was determined for the raw ashes and the thermochemically treated ashes according to Directive 77/535/EEC method 3.1.3.
Results

Characterisation of sewage sludge ashes
The compositions of seven sewage sludge ashes from different mono-incineration facilities (fluidised bed incinerators with electrostatic precipitators for removal of fly ash from the off-gas) from Germany and The Netherlands and one residue from gasification of sewage sludge (German facility) were determined and are presented together with relevant limit values for heavy metals (German and Austrian Fertiliser Ordinances) in Table 1 . Phosphorus. The P 2 O 5 -content of the ashes/gasification residue ranged from 11% to 25%. The gasification residue BAL had the lowest P 2 O 5 -mass fraction with 11% which correlates with a high SiO 2 -content of 44.3%. The low P 2 O 5 -content of the SSA-SM (13.7%) can also be explained with a significant transfer of SiO 2 from the fluidised sand bed into the ash causing a dilution. The operator of this incineration facility determined P 2 O 5 -mass fractions of 13.7-19.9% during 1999 and 2006 depending on the operation conditions of the incineration line. Thus, the charge of SSA-SM used for this investigation had a P 2 O 5 -content at the minimum level not representing normal operation conditions of this incineration facility. Conventional P-fertilisers like Singlesuperphosphate SSP have a P 2 O 5 -content of 18% and multinutrient fertilisers like PK-and NPK-fertilisers contain approx. 9-12% P 2 O 5 . The average P 2 O 5 -content of the 7 SSAs tested was 21.4% (residue from gasification not considered). Therefore, sewage sludge ashes are suitable secondary raw-materials for the production of P-fertilisers and could be used to save rock phosphates and thus contribute to resource conservation. Heavy metals. Sewage sludge ashes are carriers of valuable nutrients like phosphorus, calcium, magnesium and potassium but also contain considerable amounts of heavy metals ( Table 1 ). The highest concentrations were determined for zinc (1540-2181 mg/kg) and copper (470-1267 mg/kg). Heavy metals concentrations above the limits of the German or the Austrian Fertiliser Ordinances are highlighted in the table. This was the case for As, Cd, Cu, Ni, Pb and Zn. Thus, these heavy metals must be removed to match the demands of fertilisers. C for a retention time of 30 min are exemplarily shown in Fig. 2 . The total mass balances of the trials series were satisfying and enabled to reliably determine the pathways of the components of the ashes during thermochemical treatment. The heavy metals Cd, Cu, Mo, Pb, Sn and Zn were effectively transferred into the gaseous phase and thus removed from the solid product (removal rates: Cd, Cu, Pb and Zn >90%; Mo $80%, Sn $70%). The major part of these heavy metals was rejected in the washing flasks. The heavy metals As, Cr and Ni were not 3)
The main components of the SSA were not (or just slightly) transferred into the gaseous phase except potassium. Approx. 40% of K was detected in the condensates and the washers. The observed K-removal is undesired as K is a valuable component in the solid product (raw material for fertilisers). The total mass-transfers from solid into gaseous phase were 10-15% depending on the treated ash. Hydrochloric acid, potassium chloride and heavy metal chlorides (Zn, Cu, Pb and Fe) were the main components present in the off-gas and were analysed in the condensates and the solutions of the washing flasks. In the indirect heated furnace approx. 90% of the total Cl-content were removed from the solid product via the gas phase and were mainly absorbed in the washing flasks. Around 10% of the chlorine input remained in the solid product after thermochemical treatment. This might be a disadvantage for those P-fertiliser applications where low chlorine content is required. However, in many cases of PK-fertiliser manufacture, the Kcomponent is introduced in form of potassium chloride. Thus, the low Cl-content of the ash based fertiliser product of approx. 1.5% is negligible compared to the Cl-load originating from the KCl-component. Furthermore, chlorine is quantitatively transferred into the gas phase if a direct fired furnace is used instead of an indirect heated furnace. This is due to the high moisture content of the gas phase in the direct fired system promoting the formation of HCl and thus evaporation and removal of chlorine from the solid product. First technical applications are planned to be direct fired furnaces and Cl-recycling is planned to be performed by separation of hydrochloric acid from the off-gas. The separated hydrochloric acid is planned to be used to produce the chlorine donor (e.g. CaCl 2 ) that is the additive for the thermochemical process. The effectiveness of this recycling process and associated effects such as accumulation of undesired compounds due to the recycling loop will be further investigated.
Influence of operational parameters on heavy metals
removal The three ''basic'' ashes SNB a , SNB b and SINDL were chosen for a systematic investigation on the influence of different operational parameters on the heavy metals removal performances. Temperature. The temperature was varied in four steps (750, 800, 900 and 1000 C) and had a strong influence on heavy metals removal. The removal rates increased with increasing temperature as expected. This relationship is exemplarily shown in Fig. 3 for the removal of Zn from the three basic ashes SNB a , SNB b and SINDL. The other heavy metals showed qualitatively similar results (except As, Cr and Ni). The results were also comparable for the three different ashes. Thermochemical treatment at 1000 C was required in most cases to meet the legal limits for heavy metals concentrations in fertilisers (depending on different national regulations). However, the optimum temperature further depends on the grade of pollution of the raw ash and can be easily adapted to the requirements.
Cl-concentration.
Four different Cl-concentrations were adjusted (50, 100, 150 and 200 g Cl/kg ash). The resulting mixtures of the three basic ashes were thermally treated at different retention times and temperatures. The results of Znremoval from the three basic ashes are shown exemplarily for a temperature of 1000 C and a retention time of 60 min in Fig. 4 . SSA-SINDL showed an increase of the removal rate with increasing Cl-concentration over the whole range whereas the SNB-ashes remained at a high level of removal for the Cl-concentrations 100, 150 and 200 g/kg. However, the main step of increase of the removal rates was observed between 50 and 100 g/kg for all ashes investigated. Thus, an economic optimum can be expected in this range of Clconcentration and is recommended for technical application. Retention time. Four different retention times were adjusted (20, 30, 60 and 120 min) for trial series with a process temperature of 900 C and a Cl-concentration of 150 g Cl/kg ash. The temperature of 900 C instead of 1000 C was chosen to investigate the potential to operate at lower temperature if as good results can be achieved by increasing the retention time at the same time. The results of a trials series are shown in Fig. 5 . The influence of the retention time on the heavy metals removal performance was marginal in the tested range. The investigated thermochemical process is a fast process which is an advantage for technical applications. The present investigation was carried out in batch operation but comparable results were already achieved in continuous operation in a medium-scale rotary furnace with a throughput of approx. 15 kg/h.
3.4
Heavy metals mass fractions of thermochemically treated ashes Seven sewage sludge ashes and one residue from gasification were thermochemically treated (Cl-donor: MgCl 2 ; Cl-conc.: 150 g Cl/kg ash; temperature: 1000 C; retention time: 30 min) in a comparative trials series. The resulting heavy metals concentrations of the treated ashes are presented in Table 2 . Values exceeding a limit of the German or the Austrian Fertiliser Ordinance are marked. Three ashes and the residue from gasification exceeded the limit value of the German Fertiliser Ordinance for copper. However, the German limit value of 70 mg/kg for copper is relatively strict compared to other European countries and is currently under discussion. All other heavy metal concentrations matched the limits of the considered ordinances. Interpretation of the influence of the type of ash on the performance of heavy metals removal is difficult. The worst results in Cu-removal were achieved with SSA-SINDL, the ash with the lowest Feconcentration whereas SSA-SNB b , the ash with a comparable low Fe-concentration showed the best results in Cu-removal. Thus, the worse copper removal from SSA-SINDL could be due to the high aluminium-concentration of this ash. However, this is not proven yet and must be further investigated with other sewage sludge ashes originating from WWTPs performing aluminium precipitation.
Conclusion
Thermochemical treatment of sewage sludge ashes aiming at raw materials for P-fertiliser production was investigated. The results of chemical characterisation showed that the ashes from mono-incineration of sewage sludge have a suitable P 2 O 5 -content of approx. 21% (average of seven ashes analysed) comparable to conventional P-fertilisers like Singlesuperphosphate (SSP) with 18% P 2 O 5 . The critical organic pollutants present in sewage sludge are completely destructed during mono-incineration. However, the direct agricultural application of sewage sludge ashes is not expedient due to the poor bioavailability of phosphorus in the raw ashes and the high heavy metals concentrations often above the legal limits of the Fertiliser Ordinances of European countries. Thus, the thermochemical process is required to i) remove heavy metals below the legal limits for fertilisers and to ii) increase the P-bioavailability. The present experimental study has shown that these objectives have been achieved with the proposed process. The heavy metal concentrations were reduced below the limits of the Austrian Fertiliser Ordinance and in most of the cases below the limits of the German Fertiliser Ordinance. The critical value was the German limit for copper with 70 mg/kg. However, it has been proposed recently to completely abandon the limit values for the essential trace elements copper and zinc and implement declaration values for all commercial fertilisers instead.
8) The thermochemically treated sewage sludge ashes are suitable raw materials for the production of P-fertilisers or multi-nutrient fertilisers like PK-or NPK-fertilisers and its application could contribute to resource conservation and environmental protection. 
